The pathogenesis of Crohns disease (CD), an idiopathic inflammatory bowel disease, is attributed, in part, to intestinal bacteria that may initiate and perpetuate mucosal inflammation in genetically susceptible individuals. Paneth cells (PC) are the major source of antimicrobial peptides in the small intestine, including human ␣-defensins HD5 and HD6. We tested the hypothesis that reduced expression of PC ␣-defensins compromises mucosal host defenses and predisposes patients to CD of the ileum. We report that patients with CD of the ileum have reduced antibacterial activity in their intestinal mucosal extracts. These specimens also showed decreased expression of PC ␣-defensins, whereas the expression of eight other PC products either remained unchanged or increased when compared with controls. The specific decrease of ␣-defensins was independent of the degree of inflammation in the specimens and was not observed in either CD of the colon, ulcerative colitis, or pouchitis. The functional consequence of ␣-defensin expression levels was examined by using a transgenic mouse model, where we found changes in HD5 expression levels, comparable to those observed in CD, had a pronounced impact on the luminal microbiota. Thus, the specific deficiency of PC defensins that characterizes ileal CD may compromise innate immune defenses of the ileal mucosa and initiate and͞or perpetuate this disease.
innate immunity ͉ intestine ͉ bacteria ͉ inflammatory bowel disease I nflammatory bowel disease (IBD) is a chronic inflammation of the intestine often grouped into two major entities, Crohn's disease (CD) and ulcerative colitis (UC), based on clinical features and histopathology. While inflammation in UC is typically restricted to the colon, that of CD occurs at many sites, most commonly in the ileum of the small intestine and in the colon (1) . In all cases, intestinal microbiota are thought to trigger the disease in genetically susceptible individuals (2) . However, variations in both inherited susceptibility and clinical phenotypes suggest that neither UC nor CD is a homogeneous disorder (1, 3, 4) .
Multiple lines of evidence support that genetic factors significantly contribute to the pathogenesis of IBD (2) , and numerous genome-wide screens have identified several susceptibility loci, including those referred to as IBD1-8. A seminal advance came with characterization of IBD1, which revealed that approximately one-third of CD patients have loss-of-function mutations in CARD15, which encodes the nucleotide-binding oligomerization domain 2 (NOD2; for review, see ref.
2). NOD2͞CARD15 mutations are especially associated with localization of CD in the small intestine (for reviews, see refs. 3 and 4) . NOD2 is an intracellular receptor for muramyl dipeptide, a component of bacterial peptidoglycan (5, 6) , consistent with the notion that defective responses to luminal bacteria are important in CD pathogenesis.
NOD2 expression has been found in monocytes, monocytederived cells, and epithelial cells (5, 7) . In monocytic cells, muramyl dipeptide activation of NOD2 leads to NF-B-dependent proinflammatory cytokine expression (5) , and this pathway is attenuated in blood monocytes from CD patients with NOD2 mutations (6) . In the intestinal mucosa, NOD2 is predominantly expressed in Paneth cells (PCs) (7) , which are secretory epithelial cells of the small intestinal crypts. PCs are known to synthesize and secrete several antimicrobial peptides, including lysozyme, secretory phospholipase A 2 (sPLA 2 ), and human ␣-defensins 5 and 6 (HD5 and HD6) (8) (9) (10) , but the function of NOD2 in these cells is unclear. Recent studies of NOD2-deficient mice show both a reduced expression in PCs of human ␣-defensin homologues (called cryptdins in mice) and increased susceptibility to ingested Listeria monocytogenes, a Gram-positive bacterial pathogen (11) . It should be noted that expression of all cryptdins is not equally affected by the NOD2 deficiency in this study, consistent with the complexity of PC gene regulation that is the focus of much current study (12) (13) (14) .
In addition to genetic factors in IBD, numerous studies have implicated a key role of the intestinal microbiota in disease pathogenesis, both in patients with IBD (15) (16) (17) (18) (19) (20) and in rodent models of IBD (for reviews, see refs. 21 and 22) . Although a specific causative pathogen seems unlikely, it appears that intestinal microbes normally present as commensal microbiota may trigger disease development in genetically susceptible hosts (23) . The contribution of luminal microbes to the pathogenesis of IBD is highlighted by reports that surgical diversion of the fecal stream effectively resolves CD inflammation distal to the surgical site (15) , and that in some cases antibiotics ameliorate IBD (20) . In addition, the intestinal mucosa of CD patients is covered by adherent strains of Escherichia coli and other bacteria from the lumen, whereas these bacteria are absent from the normal small bowel mucosa (16, 18, 19) . Furthermore, a loss in immunological tolerance toward luminal microbiota is observed in patients with CD (17) . Thus, IBD pathogenesis likely results from a breach in effective mucosal barrier functions to constituents of the commensal microbiota (24) .
PCs are key contributors to mucosal innate immunity in the small intestine by secretion of antimicrobial peptides including ␣-defensins, cationic peptides with a broad spectrum of antimicrobial activity (25) (26) (27) . PC granules are released into the intestinal lumen upon stimulation with bacterial products, including muramyl dipeptide and lipopolysaccharide (28) . Two murine models have underscored the functional importance of PC ␣-defensins in innate immunity. Mice rendered deficient in their ability to process PC ␣-defensins precursors do not produce mature ␣-defensins peptides and are highly susceptible to challenges with orally administered bacterial pathogens (29) . Similarly, a protection against a normally lethal Salmonella infection in HD5 transgenic (TG) mice demonstrates that this peptide has a biologically significant effect on pathogenic microbes in the intestinal lumen (30) .
In view of the prominent role of defensins as mucosal antibiotics, the highly abundant expression of ␣-defensins in PCs, the mucosal expression of the CD susceptibility gene product NOD2 in PCs, and the likely role of bacteria in IBD pathogenesis, we hypothesized that ␣-defensins may play a central role in CD pathophysiology (10, 31) . A deficiency in the innate immune defense provided by defensins might allow bacteria to adhere to the CD mucosa and trigger an inflammatory response. When we initially tested this hypothesis by comparing PC ␣-defensin mRNA in ileal biopsies from controls with those from CD patients, but without regard for location of disease, no statistical differences in levels were observed (32) . However, segregation of the CD specimens according to the clinical phenotype of either ileal or colonic involvement revealed a significant difference in defensin mRNA expression, such that only patients with ileal involvement, especially those harboring NOD2͞ CARD15 mutations, had decreased ileal levels of HD5 and HD6 mRNA (32) .
Herein, we report a decrease in antimicrobial activity and a specific reduction of PC ␣-defensins peptides in CD of the ileum. The decrease of PC ␣-defensins could not be attributed simply to a nonspecific response to inflammation in ileum and was not observed in ileal mucosa of patients with either CD limited to the colon (Crohn's colitis) or UC. We established a functional consequence of changes in PC ␣-defensin expression by examining the composition of inherent microbiota in a HD5 TG mouse model and observed changes in the microbiota attributable to HD5 expression levels. We propose that a PC ␣-defensin deficiency may be a key factor in the pathogenesis of ileal CD through its compromise of innate immunity. This view of disease pathophysiology would provide a justification for seeking alternative therapeutic strategies (10, 20, 33) aimed to bolster protective innate immune mechanisms and restore the host-microbe balance at the intestinal mucosa.
Methods
Patients and Patient Material. Surgical specimens of ileal mucosa and pouch biopsies were obtained at the Cleveland Clinic Foundation. Ileal biopsies were obtained and processed at the Robert Bosch Hospital. The protocols were approved by the respective Institutional Review Boards at these locations. The diagnosis at both institutions was based on standard criteria using clinical, radiological, endoscopic, and histopathological findings (34) . Exclusion criteria included the diagnoses of backwash ileitis, indeterminate colitis, concurrent cytomegalovirus or Clostridium difficile infection, CD of the pouch, chronic pouchitis, and nonsteroidal antiinflammatory drug-induced pouchitis. Real-Time PCR. Real-time PCR was performed by using singlestranded cDNA from tissue (or gene-specific plasmids as controls) with specific oligonucleotide primer pairs (Table 2) in a temperature cycler equipped with a fluorescence detection monitor (LightCycler, Roche Diagnostics, Mannheim, Germany), as described (32) .
Protein Isolation and Immunoblot Analysis. Protein extracts from ileal mucosa were isolated from randomly selected controls, CD NOD2͞CARD15 wild-type and CD NOD2͞CARD15 SNP13 patients, as described (35) . Protein expression of HD5, ␣-1-trypsin inhibitor, lysozyme, and sPLA 2 in the patient samples was quantified by immunoblotting, as described (36) .
Antimicrobial Activity in Ileal Mucosal Biopsies. Cationic proteins from ileal mucosal biopsies were isolated by using a weak cation exchange matrix, as described (35) . Assays were normalized to protein concentration, as determined by Bradford assay. Midlogarithmic growth phase suspensions of E. coli (American Type Culture Collection 25922) and Staphylococcus aureus (American Type Culture Collection 25923) were incubated with the cationic protein fraction at 37°C in a final volume of 100 l of 1:6 diluted Schaedler Broth (BD Biosciences, Sparks, CA) (37) . Bacterial suspensions incubated with vehicle (0.01% acetic acid) served as negative controls. After 120 min, bis-(1,3-dibutylbarbituric acid)trimethine oxonol Molecular Probes), a dye sensitive to membrane potential, was added at a concentration of 1 g͞ml. Bacterial pellets were isolated by centrifugation, resuspended in 300 l of FACSFlow (BD Biosciences) and analyzed by flow cytometry by using a FACSCalibur (BD Biosciences). A total of 30,000 events were analyzed in each sample. The antimicrobial activity was determined as percentage of depolarized bacteria compared with untreated controls (37) .
Histologic Analyses. HD5 immunohistochemistry and histologic staining were performed in parallel sections. Immunohistochemistry on ileal tissue was performed as described (38) and phloxine tartrazine histologic staining as described (39) . Hematoxylin͞eosin-stained paraffin sections from CD and non-IBD controls were blindly scored for inflammation by a gastrointestinal pathologist (R.E.P.).
Analysis of HD5 TG Mice. Bacterial microbiota was examined in an HD5 TG mouse model (30) . All animal studies were approved by the involved Institutional Animal Care and Use Committees. In situ hybridization on representative samples of HD5 TG mice and human small intestine was performed as described (30) . Intestinal bacteria from the mouse intestine were fixed and analyzed as described (40) . Briefly, an aliquot of fixed bacteria was hybridized to a Texas red-labeled Bact338 oligonucleotide probe (an oligonucleotide sequence common to all bacteria). The bacteria were then washed and mounted for viewing under oil by using an epifluorescence photomicroscope. Fluorescent images were captured by using METAMORPH software (Universal Imaging, Downingtown, PA).
Statistics. All statistical analyses of quantitative RT-PCR grouped data were performed nonparametrically by using the U test of Wilcoxon, Mann, and Whitney. Values of P Ͻ 0.05 were considered statistically significant. For illustration, mean values are presented together with their standard error. HD5 protein expression data were subjected to t test and ANOVA analysis by using SIGMASTAT software, Ver. 2.0 (SPSS, Chicago).
Results
We measured PC antimicrobials and other PC products in the ileal mucosa of four groups: controls, UC patients, CD patients with solely colonic disease (colitis), and CD patients with ileal disease (ileitis). PCs are located at the base of the crypts of Lieberkühn (Fig.  1A) , and cross sections of these crypts show prominent eosinophilic PC granules (Fig. 1B) , known to be rich in antimicrobial peptides (9) , including HD5 (Fig. 1B) . In surgical resection specimens from CD ileitis patients, the ileal expression of HD5 (Fig. 1C ) and HD6 mRNA ( Fig. 5 ) was significantly reduced compared with non-IBD controls. Similar decreases were observed in endoscopic biopsy specimens from CD ileitis patients versus controls (data not shown). In contrast, PC defensin expression in ileal biopsies was unchanged in patients with either colonic CD (32) or UC (E.F.S., unpublished data). The ileal mRNA expression of two other PC antimicrobials (lysozyme and sPLA 2 ) and five other PC products [␣-1-antitrypsin, pancreatic secretory trypsin inhibitor, hepatoma-specific protein͞ pancreatitis associated protein, trypsin 2 (anionic trypsin), and trypsin 3 (mesotrypsin)] was not significantly changed in CD ileitis patients versus controls (Fig. 5) , whereas pancreatic stone protein was increased (Fig. 5) .
Because CD patients with NOD2͞CARD15 mutations are predisposed to ileal involvement (3, 4), we analyzed the expression of the ileal PC products in samples with different NOD2͞CARD15 genotypes at three loci (SNP8, SNP12, and SNP13). The ileal levels of HD5 mRNA were comparably low in ileal CD either with SNP8, SNP12, or wild-type NOD2͞CARD15 genotypes as compared with non-IBD controls (Fig. 1 C vs. D) , with a consistent 3-fold reduction in each group. In contrast, patients with NOD2͞CARD15 SNP13 mutations had further reduced expression levels of HD5 mRNA versus the other genotypes (P ϭ 0.03), resulting in a 9-fold difference compared with non-IBD controls (P ϭ 0.0005). HD6 expression in CD ileitis was similarly reduced to Ϸ5-fold lower than non-IBD controls (P ϭ 0.018), but the difference within the CD group (between wild-type and SNP13 NOD2͞CARD15 genotypes) was not statistically significant (P ϭ 0.15). None of the other PC products showed significant differences in expression levels when comparing subgroups of NOD2͞CARD15 genotypes (Table 3) .
Compared with non-IBD controls, Western blot analysis of mucosal tissue extracts (Fig. 1E) showed less HD5 peptide in patients with ileal CD (P ϭ 0.038). Along with reductions of HD5 mRNA ( Fig. 1 C and D) , tissue concentrations of HD5 peptide are reduced in ileal CD with wild-type NOD2͞CARD15, but even further diminished in case of a SNP13 mutation ( Fig. 1 E and F) . In contrast to HD5, Western blot analysis of ␣-1-antitrypsin, lysozyme, and sPLA 2 showed no decrease in the ileal CD samples as compared with non-IBD controls (Fig. 1G) . Immunohistochemistry in nine representative samples (three controls and six ileal CD) identified PCs as the source of HD5 (as shown in Fig. 1B) .
To test whether the observed decrease in PC ␣-defensins is a direct consequence of inflammation, we examined HD5 and HD6 expression levels with respect to mucosal inflammation. Histologic assessment of the degree of inflammation by a gastrointestinal pathologist (R.E.P.) showed clear correlation with the expression of the proinflammatory cytokine IL-8 ( Fig. 2A) , an indicator of mucosal inflammation. As compared with non-IBD controls, the levels of HD5 mRNA were similarly decreased in all patients with ileal CD, irrespective of whether the mucosal inflammation was absent, moderate, or severe (Fig. 2B) . Similarly, HD6 showed the same pattern of decrease, independent of inflammation status (data not shown). We next examined the concentrations of PC ␣-defensin mRNA in mucosal biopsies of ileal pouches, which are ileal stool reservoirs surgically constructed after the total removal of the colon. The ileal pouch mucosa occasionally becomes inflamed, a condition called pouchitis (41) . PC ␣-defensin mRNA did not show significant changes in pouchitis specimens compared with those from noninflamed pouches ( Fig. 2 C and D) , thus showing that this inflammation does not affect expression levels.
In ileal CD compared with non-IBD controls, we found reduced total antimicrobial activity against E. coli and S. aureus in ileal mucosal biopsies (Fig. 3A) . The magnitude of the reduced activity paralleled the lower levels of PC antimicrobial peptide expression in CD ileitis (Fig. 3B Left) , which is principally attributable to the reduction in HD5 expression. We were not able to unequivocally attribute the reduced antimicrobial activity in mucosal biopsies observed in these assays to HD5 content, however, because currently available antibodies do not neutralize HD5 activity (data not shown).
In view of recently reported locus polymorphisms that result in variable numbers of defensin genes per genome (42, 43), we sought to determine whether the numbers of HD5 or HD6 genes were reduced in any of 20 CD patients (NOD2͞CARD15 wild-type, n ϭ 10; and NOD2͞CARD15 SNP13 mutation, n ϭ 10), who showed diminished defensin levels. The analysis showed two gene copies per diploid genome for both ␣-defensins in all tested CD patients, identical to what was seen in non-IBD controls (n ϭ 10) (data not shown).
To study possible in vivo consequences of the changes in PC ␣-defensin expression levels we observed in ileal CD, we turned to our recently described murine HD5 TG model (30) . We reasoned that by comparing heterozygous and homozygous HD5 TG mice, we could test whether a 2-fold difference in HD5 expression, similar to that observed in Crohn's ileitis versus controls (Ϸ3-fold), had a biological effect on luminal microbes. The TG mice express HD5 in mouse PCs (Fig. 4A) at levels comparable to those of human PCs (Fig. 4B) , while not appearing to alter the expression of endogenous mouse PC defensins (30) . Luminal microbiota obtained from the small intestines of wild-type, heterozygous, and homozygous HD5 TG mice were labeled with a fluorescent oligonucleotide probe designed to hybridize to all known bacterial species (TR-Bact 338, ref. 40 ). Morphologically, we observed a graded transition in the composition of bacterial microbiota, from predominantly small bacilli and cocci in the wild-type mice, to a mixed population of bacilli and fusiform bacterial species in the heterozygous TG mice, and finally a population of predominantly fusiform bacteria in the homozygous TG mice (Fig. 4C) . These findings, together with unpublished studies (N.H.S., unpublished observations), suggest that the composition of the commensal bacterial population in the small intestine is affected by TG expression of HD5 and, more importantly, that modest changes in expression levels of HD5 resulted in readily detectable differences in the composition of luminal bacteria. It is known that bacterial morphology can change, depending on the bacterial environment. Therefore, it is possible that some of the observed changes may represent morphological changes in response to the small intestinal microenvironment. In either case, the presence of HD5 results in alterations in the microbiota in a dose-dependent manner.
Discussion
A unifying hypothesis for the pathogenesis of IBD is that in genetically susceptible individuals, intestinal microbes contribute to the initiation and perpetuation of chronic mucosal inflammation (1) . Under healthy conditions, there is a complex interplay between commensal microbes and the intestinal mucosa, resulting in the establishment of a delicate balance (for reviews, see refs. 44 and 45) . A perturbation of this balance is proposed to contribute to the pathogenesis of IBD (23, 24) . Herein, we report a decrease of antimicrobial activity in the ileal mucosa of CD. We attribute this finding to a reduction in PC ␣-defensin expression, but additional factors may contribute also. Because levels of all other examined PC products are unchanged or even increased in CD ileitis, the decrease in HD5 and HD6 may be the result of a specific defect in PC ␣-defensin regulation. However, the decrease was not uniformly observed in all CD patients. Rather, CD patients with ileal disease specifically showed the decrease. In contrast, patients with CD limited to the colon had normal levels of PC ␣-defensins in the ileum, and levels were also unchanged in UC. Furthermore, the observed decrease in PC ␣-defensins seen in ileal CD specimens was not a consequence of the presence or intensity of mucosal inflammation. Finally, we found, in an in vivo murine model, the appearance of the luminal microbiota is altered by differences in HD5 expression comparable to those seen in ileal CD vs. non-IBD controls. We therefore propose that a specific deficiency of PC defensins characterizes CD of the ileum, and this deficit helps to define on a molecular level the phenotypic localization of disease to the ileum. This deficit affects the antibacterial host defense capacity of the intestinal mucosa and may initiate and͞or perpetuate the chronic inflammation that characterizes this disease.
The specific decrease in PC ␣-defensins in ileal CD raises the question of whether this decrease is because of a primary genetic defect. This would seem unlikely, because the defensin locus at chromosome 8p23 has not been identified as a significant susceptibility locus in CD (2) . Furthermore, the decrease in two different ␣-defensins (HD5 and HD6), which are located Ϸ126 kb apart and flank the chromosomal position of HNP1-4 (46), argues against a single discrete causative mutation. However, locus polymorphisms that alter gene copy numbers of the clustered defensin genes have been reported (42, 43) . Our data revealed that HD5 and HD6 gene copy numbers are unchanged in all of the tested CD patients (n ϭ 20) compared with controls, suggesting decreased gene copy number is not a common cause for decreased expression. It remains possible, but speculative, that null mutations in either of the PC ␣-defensin genes might lead to a decrease in HD5 or HD6 expressions of similar magnitude to those reported here and result in the phenotype of ileal CD.
An alternative explanation for the observed decrease in PC ␣-defensins is that a mutation in an IBD susceptibility gene, such as NOD2͞CARD15, could influence PC ␣-defensin expression. Consistent with this notion, we found a more pronounced decrease of HD5 and HD6 expression in samples harboring the NOD2͞ CARD15 SNP13 mutation. The selective reduction in PC ␣-defensin expression would suggest that the other PC antimicrobials, lysozyme and sPLA2, which are not similarly affected by mutations in NOD2͞CARD15, are not similarly regulated. Although there is no defined molecular link between NOD2 function and ␣-defensin expression, this hypothesis is supported by a recent report showing a decrease of PC ␣-defensins in NOD2-knockout mice (11) . Because decreases in PC ␣-defensin expression were also found in CD patients with wild-type as well as mutant NOD2͞CARD15, we suggest that other host factors may similarly affect ␣-defensin expression, but not to the same degree. Conceivably, some of these factors might be the other putative IBD-susceptibility genes (IBD 2-8) (2), but we are unaware of any data to support this idea. Recent studies on molecular mechanisms of crypt differentiation may provide candidate pathways that could directly lead to altered expression of PC products, including defensins (12) (13) (14) .
Another explanation for the reduced levels of PC ␣-defensins is that intestinal microbes present in the intestine of CD patients, but not in controls, could directly affect PC ␣-defensin expression. This idea is supported in principle by a recent study demonstrating an Ϸ3 -fold decrease of PC ␣-defensin expression in mice infected with the intestinal pathogen, Salmonella enterica serovar Typhimurium. However, in this model, lysozyme levels were also similarly decreased (47) . It should also be noted that the levels of PC ␣-defensins in mice are unchanged under germ-free vs. bacterially colonized conditions (48) . Therefore, although it is possible that adherent or luminal bacteria (16, 18, 19) that are part of the commensal microbiota in the small intestine may cause reduction in PC ␣-defensin expression, we favor the alternative hypothesis that host factors are likely the main contributors to our findings.
Conclusion
Despite the clear evidence for an important role of intestinal bacteria in IBD pathophysiology, the precise mechanisms linking CD host factors with intestinal microbes have not been elucidated (23, 24) . In view of the findings reported here, we hypothesize that a decrease in PC ␣-defensins weakens antimicrobial defenses of the ileal mucosa and leads to the progressive changes in the composition of the luminal and surface bacteria observed by others (16, 18, 19, 24) . Ultimately, alterations in the composition of the intestinal flora may promote bacterial invasion of the mucosa and predispose to the chronic inflammation of ileal CD. This view of disease pathophysiology suggests that therapeutic strategies aimed at restoring the host-microbe balance at the intestinal mucosa may prove superior to those that broadly suppress inflammation and adaptive immunity.
SUPPLEMENTARY MATERIAL

Methods
Surgical Samples
Surgically-resected ileal specimens were obtained from individuals undergoing surgery for either CD, or, for controls, cancer, bowel obstruction, or other non-inflammatory conditions. These samples were obtained through the Cooperative Human Tissue Network (funded by the National Cancer Institute). Immediately after surgery, ileal mucosa was separated from the adjacent tissue as described (36) Table 1 ).
Biopsy Specimens
For study of specimens from a population that was not pre-selected by a required surgical intervention, we studied ileal biopsies from controls (n=7), CD patients with (n= 14) and without (n=7) macroscopic ileal involvement, and ulcerative colitis patients (n=10).
Control and CD samples were randomly selected from a group of samples that were used in a previous study (32) . Ileal pouch biopsy specimens were taken from patients whose indication for prior colectomy was UC. Samples were taken from inflamed (n=7) and non-inflamed (n=7) pouches, diagnosed according to published criteria (42) .
Protein isolation and Immunoblot analysis
Briefly, for each specimen equal amounts of protein extract (ranging from 0.6 -12 µg/lane depending on the experiment), or standard (recombinant HD5 peptide and human lysozyme previously purified, α -1-antitrypsin from Sigma, Saint Louis, MO, or molecular weight marker for sPLA 2 ) were subjected to AU-PAGE or SDS-Tricine PAGE, blotted mRNA levels of the antimicrobial peptides HD6, lysozyme and sPLA, HIP/PAP and PSP, the proteases trypsin 2 and 3, and the anti-proteases PSTI and alpha-1-antiprotease (a-1-AT). All samples are from the same surgical specimens as in Figure 1C . All values are expressed as transcript copy number per 10ng RNA. The bars represent means +/-1 standard error. Analysis of GAPDH mRNA as a control, showed no difference between the two groups (data not shown). The significance values, based on the Mann Whitney test, are shown with p <0.05 (*) as statistically significant.
